Abstract. Dual-arm robot shows an advantage in tasks where coordinate action ability is needed, but algorithm for motion planning is generally complex. To simplify the kinematic analysis of dualarm industrial robot, a geometric project method was present in this paper. Taking the pole-in-hole insert assembly as example, mathematical model of loose and tight coordination movement of planar dual-arm was built and simulated to illustrate the theory and computational method. From the point of application, coordinated operation kinematic analysis of spatial dual-arm was investigated by utilizing geometric project method. Research shows that the geometric projection method can be complementary with traditional algebraic method. On the other hand, it can simplify the solution process of coordinated motion planning under specific conditions, and it is an innovative approach to solve the coordinated motion of dual-arm robot.
Introduction
Industrial robots are getting more and more repeatable, accurate, flexible, smart and collaborative to meet the emerging requirements [1] . Dual-arm and multi-arm robot have large working space, strong bearing capacity, redundant operation and coordination operation, etc. [2] [3] . They are attracting more and more attention for they can realize the jobs that single arm robot can't complete. The study of dual-arm began in the 80s of last century, and has established the basic theory of dynamics, kinematics and torque control [4] [5] [6] . In recent years, genetic algorithms [7] , neural networks [8] , sliding mode control [9] and other algorithms have been widely introduced into the robot coordinated control. Motion analysis and planning are the bases of robot motion control, while efficient and practical planning algorithm is the key factor to realize coordinated motion control of dual-arm robot. At present, there are algebraic and geometric solutions for the motion of dual-arm robots [10] , and the algebraic method based on D-H matrix transformation is the main method of spatial coordinated motion analysis [11] , while the geometric solution is less studied.
The project method is a comprehensive application of plane geometry. In recent years, various positioning and imaging techniques [12] [13] [14] have provided a good foundation for the application of project method; multi-robot based on frame calibration and cooperation also showed the advantage of solving projection method [15] . In this paper, coordinated movement of dual-arm robot is modeled and simulated based on projection, and a typical application of pole-in-hole insertion is listed to show simple usefulness of solving process.
Coordinated Movement of Planar Dual-arm Industrial Robot
Dual-arm coordinated operation can be divided into loose coordination and tight coordination. Loose coordination refers to the arms of the robot arm around can perform operational tasks independently in the same working space; tight coordination refers to the arms working cooperatively to complete a given task [16] . Figure 1 shows a projection diagram of dual-arm SCARA robot. The AB, BC, EF, and FG represent the big and small arm of the right and left arm respectively, and the CD and GH are the end effector of both arms. The length of the connecting rod is shown in the figure. Each arm has 3 drivers, and the movement of the arms is controlled by changes of joint angles:       , , , , , . The two arms can complete the pole-in-hole insertion without strict following during loose coordination. Figure 2 shows that CD moves along the CG to the GH, and when the CD moves to the position of C'D', select the smaller diversification results to determine the actual location of B'. While CD to move to C'D', point C should be moved along the CG first. As shown in figure 1 , the EA midpoint is the origin O, and EA is x axis, OI is y axis that is perpendicular to EA, so the plane coordinate system is established, then:
Loose Coordinated Movement of Planar Dual-arm Industrial Robot
Set T is time from start to end. Since point C moves along the line CG,  does not change. If the displacement is ( )(0 ) l t t T   , then corresponding to the time t, there is:
In the calculation process, the ( 1 n  ) nodes are inserted into (0
, and the time interval between the two points is T n . There are n points including the finish line that denoted by 1 2 , ,..., n C C C .
The position at i point is   , Ci Ci x y , and
 are the angles of the big arm joint and the angle of the small arm joint corresponding to the point i C , According to formula (1) and (2): 
With the simulation time set to 5s, and the displacement of point C set
） .There are 499 interpolation points, while in figure (B), taking one point every 50, and * means the position of end effector.
As seen from figure 3, when    、 、 changed as shown in the figure (A), each joint angle changes smoothly, and that is convenient for servo system control. In the figure (B), the clamping device is always collinear, and the point D of the end effector moves according to a predetermined straight line path, so as to realize the assembly of the pole-in-hole insertion under the condition of loose coordination. Figure 4 shows the tight coordination that through the two arms' coupling action to complete the pole-in-hole insertion. The movement time is T, and the left arm is the active arm. The joint angles are preset as ( ) ( ) ( )(0
Tight Coordinated Movement of Planar Dual-arm Industrial Robot
.The right arm is the driven arm, and the joint angle    、 、 are determined by the main arm's movement and the GC distance ( )(0 In figure 4 , when the left arm moves from EFG to EF'G',  is changed into '  . Because the sum of plane pentagon angle is invariant that
.The positions of the joints and the end effector of the left arm can be calculated:
Similar to loose coordination model, the actual time coordinate of C can be obtained by:
With the solution process above, i
Following is a set of calculation examples. The simulation time is set to 5s, and the joint angles of the active arm are set: 
The initial CG distance is lCG, CG is changed with time:
） . There are 499 interpolation points, while in figure (B), take one point every 50, and * means the end effector point D's position. As shown in figure (A) , the angle of each joint of the driven arm varies smoothly, so that it is easy to control the servo system. As shown by the figure (B), the clamping device can always be collinear, and the end effector is closed in the desired distance, and the pole-in-hole insertion under tight coordination conditions is realized. 
Coordinated Movement of Spatial Dual-arm Industrial Robot
A geometric model of a spatial dual-arm robot is established as shown in figure 6 . Both the left and the right arm have 9 degrees of freedom, comprised of the big arm, the small arm and the end effector. All rods are connected with three degrees of freedom spherical joint. The midpoint of the two big arms' fixed end joints is taken as the coordinate origin, and the space rectangular coordinate system is established according to the right hand criterion to keep the working spaces of the arms are in the relative quadrant spaces. Because of the special arrangement of the robot, the spatial projection will not be interfered, the motion planning and calculation can be carried out by using the space project method.
As shown in figure 7 , set the center of each joint as the origin of the coordinates, and establish the joint's rectangular coordinate system according to the right hand criterion. The direction of each joint's rectangular coordinate system is consistent with the space rectangular coordinate system, and the direction of the coordinate axis does not change with the process of rotational movement. The connecting rods are derived to rotate around the x, y and z axes by the spherical joint. . In order to facilitate the description and calculation,    , , can be represented by included angle between the projection of the rod in yz, xz ,xy planes and the positive direction of the y, z and x axes, and the right hand criterion is used to determine the forward direction of the rotation angle. In figure 7 , the coordinates of the end points of the rod in their respective joint's spatial coordinate systems are   , ,
x y z .There are two special cases: when a rod at the length of l coincides with the axis, such as the coincidence with the z axis, and the direction is z forward, the end point is   0,0,l ; when a member is on a plane, such as in the yz plane, the end point is   0, , y z that:
In fact, the projection of planar dual-arm robots is a combination of these two special cases, thanks to the special structure of the SCARA robot. For the general case, the following formula is satisfied:
From the coordinate system of the connecting rod, rotate an angle around the z axis, the z coordinates remain unchanged,  is changed and known, so there are 4 unknowns: x y   , , , that can be solved by the equation in the (10) formula to get the projection position of the connecting rod. It is not difficult to see that if only the z axis is rotated, the projection length of the connecting rod in the xy plane remains unchanged; and so on. This is the important foundation of project method in space model application. The motion time is T, and each joint rotates only around the z axis. According to the plane tight coordination method, the collineation of the projection on the xy plane of both arms can be realized; also because the angles between the xy plane don't chang, they are parallel to each other. Changes in  can cause changes in   , , and the coordination can be realized by the rotation of the x axis and the y axis that cooperate with each other. Set the distance between the joints of the actuator as ( ) The figure (B) indicates that, in accordance with the rotation of the z axis, the arms coordination calculation is projected on the xy plane, and the projection of the end effector is always collinear. From the figure (C) and the figure (D), the end effectors' projection on the yz and xz planes are also always collinear，thus, as shown in figure (A) , the end effector can always be collinear in threedimensional space and move in opposite directions according to the predetermined law. The simulation example verify the feasibility of the tight coordination method.
In fact, there is no unique solution for this action, and the space projection method provides a simple and feasible way. The geometric project method of dual-arm industrial robots' coordinated motion on other planes is the same. According to the actual environment and requirements, we can achieve coordinated operation of the dual-arm robot by a reasonable division of the work process, and select the appropriate project plan.
Conclusions
(1) Based on the geometric projection method, pole-in-hole insertion is listed as example to model and simulate in double arm robot, and the feasibility is verified by simulation examples. For the sake of description, the model used in this paper can obtain unique solution. In practical application, the single arm projection view may have more than 3 degrees of freedom, so it is necessary to add constraints to obtain the desired solution according to the actual work.
(2) Projection without interference is the premise of space projection method, and it is also a method of anti-collision. In the solution, it is necessary to set the boundary condition of each joint. The plane dual-arm robot should make the two arms unable to cross the central axis, and the spatial dual-arm robot needs to ensure that each arm moves in the relative quadrant. Accordingly, the method can be applied to a spatial dobby robot, such as a spatial four arm robot, which is arranged in one, three, six, eight or two, four, five, and seven quadrants of the space limit, respectively.
(3) As a new kind of space robot motion planning method, geometric project method can realize the coordinated planning of dual-arm robot simply and fast in specific conditions, as well as provide reliable solutions for multiple problems. To a certain extent, the efficiency of the dual-arm robot is improved, and can make complementation with algebraic method, as well as improve the accuracy of the work and give full performance to the working characteristics of the dual-arm robot.
